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Abstract

The large cross-sectional aspect ratio of YBCO coated conductors leads to a
large magnetization loss in an AC transverse magnetic field. In this work,
the magnetization loss of a2 multifilamentary YBCO coated conductor was
studied experimentally. A 100 mm length of striated multifilamentary
YBCO coated conductor was prepared where the conductor and filaments
were 1) mm wide and (1.4 mm wide, respectively. Striations in the sample
were accomplished by laser ablation, The magnetization loss of this striated
conductor as well as a reference non-striated conductor was measured in AC
transverse magnetic fields normal to the conductor at various [requencies,
The measured magnetization loss of the 100 mm striated conductor was less
than 9% of the measured loss of the non-striated conductor at f = 11.3 He
and H/H,, = 8.8 (H. = I./mw,; I.: critical current, w,.: conductor width),
Even though the coupling loss component increases the magnetization loss
in the striated conductor, the AC loss reduction by striation is still apparent
even at 171.0 Hz, The transverse resistance between filaments estimated by
a four-probe measurement was 38 @22 for | m at 80 K. The coupling length

estimated using this transverse resistance 15 much longer than the sample
length even at 171.0 Hz, suggesting thal the filaments in the striated
conductor are far from ‘completely coupled” or *saturated’,

1. Introduction

YBCO coated conductors are being considered as the
next peneration, or second generation, high temperature
superconducting (HT3) wires [1-4]. Both the steady-state
current carrying capacity and the associated AC losses of the
conductor [5-9] are imponant issues for AC applications such
as generators, motors, ransformers, etc [10]. The AC losses
of ¥YBCO coated conductors are of particular concern due
o the fMat tape architecture of this conductor, which results
in high aspect ratios of the superconducting layer. YBCO
coated conductors are expected to be 4—10 mm wide for typical
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applications, whereas the thickness of the YBOO layer itself
is only a few microns at most. As a superconducting thin film,
the magnetization loss of the YBCO increases with increasing
width when exposed to an applied AC magnetic field that
is perpendicular o the film’s surface [11].  Amemiva ef al
[12] also demonstrated that the total AC loss of YBCO lms
on single crystals, which carry an AC transport cumrent in
a synchromous AC transverse magnetic Held, increases with
increasing film width,

One means of reducing the AC loss of the YBCO coated
conductor is to bundle and transpose several narrow widths of
the tape together. However, this will entail a large number of
very narrow conductors to achieve an adequate current carrying
capacity and require significant engineering [or fabrication,
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Filarmant

Shielding surrant

Figure 1. Shielding current induced by transverse magnetic field:
(&) when filaments are completely coupled, and (b) when they are
completely decoupled.

A simpler approach is to create a conductor of moderate width
in which the YBCO laver consists of a filamentary strocture.
Carr er al [13] have proposed a design for a low AC loss
YBCO coated conductor by subdividing the YBCO layer of
the conductor into narrow filaments and then twisting the
conductor as a whole. Cobb er al [14] have demonstrated
the potential of this approach on small samples in which
YBCO films were deposited on LaAlO« single crystal substrate
and then subsequently striated by laser ablation. Indeed, the
hysteretic loss obtained from the magnetization loops has
been shown to decrease in proportion to the filament width,
However, because of the low ramping rate of the applied
magnetic field in these experiments, only the hysteretic loss
had been measured. The coupling losses resulting from current
flow between the superconducting filaments via the resistive
substrate could not be detected. A finite resistance between
filaments and a finite vwist pitch will lead 10 a frequency-
dependent magnetization loss characteristic [15].

The purpose of this paper is to extend this demonstration
of the AC loss reduction to YBCO coated conductors of
multifilamentary structure at various frequencies. The length
of the sample vsed was 100 mm. As such, it simulates a half
pitch of a multifilamentary Y BCO coated conductor which has
a twist pitch of 200 mm with respect to the shielding current
path against the transverse magnetic ficld. When filaments are
not decoupled, the shielding current lows across the transverse
resistance between filaments and the characteristic length of
the loop of the shielding current is 100 mm, as shown in
figure 10a). When filaments are completely decoupled, the
shiclding current flows inside each filament, as shown in
figure 1(h). This choice of simulated twist pitch is just an
example, being largely determined by the constraints of the
experimental setup as opposed 1o any particular application,

It should be noted that limitations on the minimum
twist pitch will exist for mueltifilamentary YBCO coated
conductors due to their width and bend strain critena.
Even so, the simulated twist pitch and variable-frequency
measurements enable us to study the AC loss characteristic
of multifilamentary Y BCO coated conductors, which depends
on the transverse resistance between filaments. The critical
currents of the samples were measured at 77 K, and the
tramsverse resistance between filaments was measured at
various temperatures to characterize the DC properties of the
samples that were used in the AC loss measurements. The
measured magnetization losses were compared with analytical
and numerical values for a thin strip of superconductor bases
on the measured critical currents.

Table 1. Specifications of sample YBOO coated conductors,

Sample N5* Sample 5T
Striation Mo Yes
Width of conductor 10 mm 10 tam
Width of filament NiA 400}
Width of groove hetween NiA 14} pam
filaments
Mumber of filaments MNrA 20
Thickness of YBCO layer 1.4 pm
Thickness of silver protective S0 pem
layer

Buffer layer Mon-conducting
(primarily ¥5&)
Hastelloy

154 4+ 3 Anb [ 10 A8

Substrate
Critical current £, at 77 K,
self-field
n value at 77 K, self-field

L

N determined

* Bamples, N5 and 5T, were cut from a longer length of YBCO
copted conductor of non-unilorm critical currents, end to end of
132 A the estimated critical current of sample 8T is 106 A if the
cross-sectional area is taken into account. The values shown in
the table are the measured values for particular sample pleces,
After obtaining the two lengths, it turned out that the 184 A
sumple NS represents an exceptionally good piece, whereas
sample 5T was from o section more tvpical of the overall length,
" A more precise value of the critical current of sample NS could
niot he determined, because the sample was burned oot during the
medsursment.

“ The critical current was determined ar | = 107 ¥ m~',
4 The n value was determined at 2 = 10~5—1 = 107" ¥V m~',

¢ The average of values determined by two V—f curves measured
at both edges.

2. Sample preparation and experimental methods

2.1, Srriated and non-siriated samples

Specifications of the prepared stristed multifilamentary sample
and a reference non-stmated sample are listed in table 1.
Sample NS is the non-striated reference sample and sample
ST is the striated sample. Both samples were picces of
a continuously processed YBCO coated conductor length
that was supplied by SuperPower, Inc. The striations of
sample 5T were created using a laser ablation technique [14].
During ablation, the silver protective layer, YBCO laver,
and buffer layer were cut through by the laser with parallel
cuts. As a result, some of the ablated materials (W nclude
substrate material) were likely redeposited in the groowves
berween the filaments. Redeposition of the ablated materials
clearly occurred on the upper filament edges as determined
by profilometry measurements, but was minimal. An image
of the whole sample, with a close-up showing the filaments
and grooves of sample ST, 15 shown in figures 2ia) and (b),
respectively.

AC loss measurements were carmied out with the 100 mm
length samples NS and ST as well as a shorter 26.5 mm length
comparison sample STs. Sample 3Ts was taken from the
100 mm sample ST after completion of its AC loss and critical
current measurements.

2.2, Critical current megsurements

The cntical currents of both samples, ST amnd NS, were
measured by a standard four-probe method at 77 K., self-field.
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Figure 2. Striated sample: (a) image of the whole sample and {b)
micrograph image of the filaments and the grooves between
filaments.

Current lead

Vallage 1ap

Figure 3. Sample 5T and its voltage taps for critcal corrent
Measiremeant,

The distance between the voltage taps was either 50 or 30 mm.
For sample 8T, the curment leads were soldered at both ends,
ensuring connection (o all filaments. Additionally, two pairs of
voltage taps were attached to each edge of the sample, as shown
in figure 3; each voltage tap was aached o the two outermost
filaments on each edge of the sample due o soldering size
limitations. Measurement of the critical current was performed
after the AC loss measurements to avoid any influence the
soldering might have on the AC loss measurement. Tn the
case of the striated sample, soldering of the current leads at
both ends will definitely affect the measured AC loss, since
the solder will act as an alternate interfilamentary current path.

2.3, AC loss measwrements

A schematic view of the experimental setup for AC loss
measurement 15 shown in figure a0 [16]. The entire system
was cooled in liquid nitrogen. A 100 mm long sample was
placed inside the bore of a dipole magnet that generated an AC
transverse magnetic field, The sample could be rotated to vary
the field orientation. The magnetization loss was measurcd
using a linked pick-up coil (LPC) [16]; a schematic view of
the LPC is shown in figure 4(b). The height and length of
one tum along the sample axis, and the number of s, are
denoted by f, L. and N, respectively. The magnetization loss
per unit length of the sample per cyvele, (3. is given as

f Hmlr- III"’n'l. i, s

On=0C NLf

(1}
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Figure 4. Experimental setup for AC loss measurements; a
schematic view of {a) the entire setup and (b the linked pick-up coil
(LPC),

where C is the calibration constant of the LPC, H,,,. is the
rms of the applied magnetic field, Vi, oe 15 the rms of the
loss component of the output voltage of the LPC measured
by a lock-in ampliher, and § 15 the frequency,  The cross-
sectional dimension and total length of the LPC used was
33 mm = 33 mm amd 4% mm, respectively, Previous research
confirmed that © 15 not substantially influenced by either a
sample width up to 10 mm or the sample orientation.  The
value of C can be fixed o 2.0 for this given size of the
LPC [16] when the sample is sufficiently long compared o
the total length of the LPC, Tn the case of sample STs, which
is shorter than the total length of the LPC, the measured loss
was approximated using a correction factor based on the ratio
between the total length of the LPC and the sample length:
48 mm 205 mm = &l

In a series of experiments, the applied magnetic field was
normal to the conductor, and the frequencies | were varied
from 11.3 to 171.0 Hz.

24 Transverse resislance measurements

Additional samples consisting of 4 mm pieces cut from sample
ST. after making the AC loss and critical current measurements,
were used to determine the transverse resistance between
filaments,  Measurement was accomplished using a four-
probe method, A schematic of a sample piece is shown in
figure 5, The distance between voltage taps 15 4 mm. which
containg eight filaments and nine grooves for the measored
section, A sample piece was cooled by helim gas to various
temperatures, and 10 mA of current was fed into the sample
piece for measurement of the resistance,
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4 mm

Voliage tap

Figure 5. A sample piece for transverse resistance measurement,
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Figure 6, ¥~/ characteristics of sample 5T,

3. Experimental results and discussion

2.0 Critical current

The measured critical current I of sample NS was roughly
18443 A A more precise value of £ could not be determined,
because the sample was burned out during the measurement.
The measured voltage—current, V-1, charmacteristics of sample
ST substantially depended on the contact conditions between
current leads and filaments. In this case. the measured currents
were the cumments that were fed into the whole sample; the
current distribution among filaments was unknown. [nfigunef,
the V-1 curves measured al two edges in the first measurement
attempt are shown by sguares and triangles, respectively. With
increasing current, a sharp increase in voltage appeared at
edge | at approximately 50 or 60 A, while such an increase
in voltage appeared at cdge 2 at approximately 100 A This
result suggested poor contact resistances between the filaments
and current leads; therefore, the soldering between filaments
and the current leads was improved prior to the second
measurement. In figure &, the V-1 curves measured al edges
I and 2 in the second measurement are shown by cincles and
crosses, respectively, In the second measurement, the V-7
curves measured at the two edges were similar to each other,
and the critical currents were determined o be 106 and 113 A,

respectively, using a 100 ¢V m~! criterion. The average of

these two values is 10 AL

Samples NS and 5T were cut from a longer length of

YBCO coated conductor, but were not necessarily adjacent
pieces. I is particularly important to note that even though
the end to end crtical corrent was 132 A, that particular

length of coated conductor was non-uniform in critical curment
performance. The measured critical current of 184 A of sample
NS suggests that this sample represents an exceptionally good
piece of the overall length. Based on the end w0 end i, of
132 A and the 20% loss of YBCO cross scction by striation,
the I of a stnated sample 15 estimated to be 106 A, which is in
good agreement with the measured [ of 110 A for sample ST.
Therefore, the difference between the measured [, of samples
NS5 and ST does not necessarily mean any degradation in
critical current during laser cutting nor any loss of filament
critical current due to microstructural weak links.

1.2 AC lass in the reansverse maghetic field

In figure 7. the mensured AC magnetization losses (0, of
samples NS, 8T, and 8Ts are plotted against the amplitude
of the transverse magnetic field pa ., where f = 11.3, 72 4,
and 171.0 Hz. The analytical values of magnetization loss
given by Brandt and Indenbom [11] and the numerical values
by one-dimensional FEM analysis are also plotted in these
figures.

Oem is the analytical value per unit length of the
conductor per ovele for the nom-striated conductor  or
completely coupled striated mulifilamentary conductor, and
O gy is for the decoupled siriated multifilamentary conductor
assuming isolated (laments;

H*
Qo = pgul St Hg (—) g (2
He:
- H
i = paw;ft Hp (F)ﬂf. 3]
cf

where w, and wy are the conductor and filament widths,
respectively, f. = Lfwgr and S = I fuyngt (¢t is the
thickness of the YBCO laver and s is the number of flaments),
Hee = Ljmw. and Hyp = L fmwgng, and gix) is the function
miven by eguation (4);

gla) = (2/xhIncosh x — tanh x, {4y

gy is the sum of the magnetization loss of 1solated strip of
superconductor—the influence of the neighbouring filaments
is neglected. Mawatari [17, 18] calculated the magnetization
ol an infinite array of superconducting strips based on the
eritical state model and pointed out that the magnetization loss
of a strip is influenced by the magnetization ol neighbouring
strips. Therefore, (g will contain an ermor especially when
the magnetic field 15 small |17, 18]

Mumerical electromagnetic  field  analysis by one-
dimensional FEM [ 19] was made to estimate the magnetization
loss in the completely decoupled samples ST and STs, where
the influence of the magnetization of neighbouring filaments
as pointed out by Mawatari is taken into account, The analysis
was made for an array of 20 infinitely long superconducting
strips as shown in figure # The superconducting property of
the samples was represented by the power law

E=E, (j—) (5)

where the experimentally determined critical current density
Je and 7 value were used, and Ep = | = 1077V m~'. Details
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Figare 7. Measured magnetization loss £, analytical
magnetization loss for non-sirated conductor or completely coupled
steiated multifilamentary conductor £, g, analytical magnetization
lozs for decoupled smated multifilamentary conductor assuming
iselated flaments 2y gy, and numerically calculated magnetization
loss for decoupled stnated multifilamentary conductor £y, versus
transverse magnetic field g My (a) sample N5, (b) sample 8T, and
(c) sample STs.

I_______: :;'..H.__:IL“_“___I

| (]

w, =10 mm, w=400 um, w, = 100 pm

Figure &, Cross-section of sample ST or 8Ts for one-dimensional
FEM analysiz.

of the modelling are given in the appendix,  Validation of
the modelling was accomplished by comparing the calculated
magnetization loss in an isolated solitary superconducting
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Figure 9. Magnetization losses at 202, 9.68, 40,3, and 56,5 mT
verans frequency: (a) sumple NS, (b) sample 5T, and {c) sample
STs. Values are normalized by magnetization loss at f = 11.3 Hz.

strip and the analytical value by Brandt and Indenbom. The
numetically caleulated magnetization loss is denoted by Oy,
in the discussion below,

In figure T{a), the {2, of sample NS closely follows the
analytical plot of @ g in the large field region, although 0,
deviates from Qg gy in the small field region. Such deviations
have been reported previously, and one of the possible canses is
anon-uniform lateral J, distribution [6], Tt iz important to note
that the (y, of sample NS is almost frequency independent.
The @y of sample 5T shown in figure 7(b) is much smaller
than (. g, except in the small field region which is of lesser
interest from a practical point of view, Although frequency
dependent, it is rather close to O, at f = 11.3 He. The
{ of sample STs, which is a portion of sample ST, is even
closer W @ 5, as shown in figure Tc). In this short sample,
the frequency dependence in Q, again disappears,

To compare the frequency dependences in @, for the three
samples, (3, is plotted against the frequency in figure 9, The
2 of sample 8T shown in figure 9Chy containg a substantial
component which is proportional to frequency, while those
of samples NS and 5Ts are almost frequency independent,
Even around 11.3 and 25,1 Hz, the @, of sample ST is
frequency depemdent.  To view the frequency dependent
loss component of sample ST from another perspective,
the incremental changes in @, divided by the incremental
change in frequency are plotted versus pgf, in figure 10,
Zi._.E. (st ve — Qoo el 251 — 11.3), {Qm 724 Hx —
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Figure 10, Incremental changes in Q. divided by the incremental
change in frequency, i.e. { Qmasi vz = Cmoaia pe /(251 = 11.3),
(Cmrzeme — Omua w724 — 1130 (Cmans e — Qo3 )/
(1119 — 11.3), and (P 710 pe — Prmorrz g T TLD — 11,30 versus
fig iy where O ¢ is O, at f.

Qo113 ) T2A—= 1130 (O 1109 e — Q13 m)(111.9=
L1.3), and (@710 He — Cenea w1710 — 11.3), where
Om, ¢ s the O at f. All plots collapse to one line, and
the values are clearly proportional to {ug ) where the
proportionality coefficient is 1.94 » 107% where the unit of
ftpdfly is mT. Therefore, the magnetization loss at arbitrary
frequency and magnetic field can be calculated as

Q. r = 1.94 x 107% (o M) (F — 1130+ Qs pe. (6)

where the unit of losses is ] m~' cycle™', and the unit of gy H,,
is mT. The combined observation that the frequency dependent
loss component is proportional to both £ and (ugHy)* as
shown in figures Wh) and 10 strongly indicates that this loss
component should either be a coupling loss of the filamentary
strugture or an eddy current loss in the normal conductor rather
than a hysteretic loss in the superconductor,

The eddy current loss in the silver protective layer of
sample ST can be calculated with the following equation given
by Mamjoshi and Biringer [20]:

27t fﬂ,ﬁ Sy
—_—

fiag

7

eng =

where Jiyy = w#rhu,r'li (tay being the thickness of the silver
protective layer) and pa, = 3.0 x 107" @ m at 77 K. To
properly apply this equation, wy/2 must be smaller than the
skin depth,

=
‘n"l ko f

Substituting 3.0 % 107* 2 m into p and 171.0 Hz into f in
equation (8], & becomes 2.1 mm, which 15 indeed much larger
than wy /2, With the appropriateness of equation (7) confirmed,
(. wg s determined to be between 9.0 » 107" and 2.5 =
108 T m~! c}'cle‘l for g My = 1.21-64.5 mT, and as such is
much smaller than the difference between @y at = 171.0Hz
and (. as shown in figure T(b). Therefore, the frequency
dependent component in the measured magnetization loss is
not a result of eddy current losses due o the silver protective

(8]
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Figure 11. Normalized Q.. Q. Qe O ., and Oy, versus
nermalized magnetic field H/H (M, = & /mag; 1o critical
current, wy: conductar width): (a) overall view and {b} enlargement
to compare the measured O of samples 8T and 5Ts with 2, 5
calculated by equation (&) and Oy ..

layer but is indeed a result of coupling losses of the filamentary
structure,

MNext, we compare the measured magnetization losses of
samples N5, 8T, and 5Ts 1o determine the effect of striation for
AC loss reduction. Since the critical currents of samples NS
and 5T are unfortunately different, the companson between
the absolute values of their measured magnetization losses s
meaningless. Here, equation (2) can be transformed to the
following expression:

2B mul H H
= Ay i Q
S Mo 2 JE(H._.,_.)/(H,_.,_.)] i
where By, = paHy. IF Q0 g is normalized by
2R el (10)
Iin 2

and is plotted against the normalized magnetic field, H/ H,.,
this normalized lozs i= independent of the critical current. This
is done in figure 1 10a) for the measured O, of samples NS, ST,
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Figure 12. Transverse resistance of short pieces of sample ST as
shown in figure 3 versus temperature,

and 5Ts as well as for @ p, O m, and O, where f = 11.3,
724, and 171.0 Hz, Comparing (¢, with ;. gr. it is expected
that the magnetization loss should be reduced by sination o
4.3% of the value at H/H.. = 8.8 and f = 11.3 Hz, while
the measured magnetization losses of samples ST and STs
are respectively 8.9% and 7.8% of that of sample NS at these
conditions. Here, since the magnetization loss of sample 5T
apparently contains coupling losses even at 7 = 11.3 Ha,
as shown in figures 9(b) and 10, we selected the ), at
F = 11.3 Hz, where the coupling loss 15 minimal. One of
the possible causes for the difference between the measured
reduction in magnetization loss and the theoretical expectation
is the assumption of uniform J. both in the conductor as a
whole and in cach filament.  Alternatively, at these lower
applied fields, the linear proportionality of the hysteretic loss
o sample width is not perfectly stringent [21]. Figure 11{b) is
an enlargement of figure 1 1{a) to compare the measured @, of
samples 5T and 5Ts with the Qo calculated by equation (&)
and Oy . 2.0, which is the magnetization loss of sample ST
extrapolated to () Hz, falls around the measured (., of sample
5Ts, yet is sull higher than &,

2.3 Transverse resislance

The electromagnetic coupling between filaments at a certain
frequency is determined by the transverse resistance in
combination with the twist pitch. The measured resistances
of three short pieces of sample 5T shown in figure 5 arve
ploted with respect o temperature in figure 12, The
measured resistances are almost temperature independent.
At 80 K, the average value of the measured resistances is
13.3 m£2, while the calculated resistance of the Hastelloy
substrate (4 mm wide, 4 mm long, and 10 pm thick)
is 15 me, assuming that the resistivity of Hastelloy is
1.5 282 m and temperature independent.  The fact that
the measured resistance (13.3 mf2) is rather close to the
calculated resistance of the substrate (15 mf2) suggests that
the segregated YSZYBCOMA g filaments may not be connected
through redeposited matenal with low resistivity (as a result
of striating by laser ablation). As such, we will assume the
electrical circuit maxdel in the transverse direction of the striated
conductor, a5 shown in figure 13: & is the resistance of the
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Figure 13. Electrical circuit model in the transverse direction of the
striated conductor (cross-sectional view),

substrate below the filament, which is 1.5 m£2 assuming it to
be (0.4 mm long, &.: is the resistance of the substrate below
the groove, which is .38 m2 assuming it to be 0.1 mm long,
and Ry 15 the resistance of the YSZNYBCO/Ag layer of the
filament that is zero below T.. Then the resistance of groove
Rg. which is calculated from the measured resistance of the
short samples, is 4.5 mS, with the assumption that R, lies
hetween the filament and substrate, as shown in figure 13
In this model, the wransverse resistance berween filaments,
Ry + R + R, 1594 m lor the 4 mm of flaments (38 00
for 1 m of filaments). The transverse resistance between
filaments becomes cven larger, if we assume a lower value for
the resistivity of Hastelloy, for example |4 £ m, because &,
becomes larger.

Based on this transverse resistance, 2 very rough
estimation of the coupling length /. is made using a simple
model where two superconductor slabs are connected by a
normal conductor [22]:

s Ill ap .
T VB

(11}

where a is the half width of the superconductor slab, and o is
the resistivity of the normal conductor. I we assume that the
1.4 pum thick space in the groove between YBCO filaments is
completely filled with a conducting material whose resistance
is 9.4 mL, its resistivity o is 0.53 082 m. Substituting the
following parameters into equation {11),

@ =400 % 10792 = 200 = 10~ m, (12)

=053 % 107 @ m, (13)
Jo= (1107200 /(1. 4% 1078 =400 % 10~ = 0.8 10° A m~2,

(14)
dB/dt = 2mf B, B,=350%107"T, (15
then f. is 2.2, 0.86, and 0.56 m for f = 11.3, 72.4, and

171.0 Hz, respectively, These values are much larger than
the length of sample 8T (0.1 m). This estimation suggests that
the filaments in sample 8T are far from ‘completcly coupled’
o ‘saturated” even at 1710 He, This 15 consistent with the
ohservation that the @, of sample ST is much smaller than
Qe orthe QO of sample NS in figures T(b) and 11(a).

4. Conclusions

The magnetization loss of a striated multifilamentary YRBCO
coated conductor and that of a non-striated refercnce YBCO
coated conductor were measured in AC transverse magnetic
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figlds normal to the conductor at various [requencies.  The
conductor and flaments were 10 mm wide and 0.4 mm wide,
respectively. A substantial reduction in the magnetization
|oss by striation was demonstrated successfully—the measured
magnetization loss of the 100 mm striated conductor was less
than 9% of the measured loss of the non-stristed conductor at
f=11.3Hzand H/H.. = 8.8 (H.. = f./muy; I critical
current, w,: conductor width). The 100 mm sample simulated
a half pitch of a multifilamentary YBCO coated conductor with
a twist pitch of 200 mm. The measured magnetization loss
of the striated conductor containg a coupling loss component,
which is proportional to the frequency and to the square
of the magnetic field amplitude. The wransverse resistance
between filaments estimated by a four-probe measurement
wits 38 082 for | m. The estimated coupling length based
on this transverse resistance is much longer than the sample
length even at 1710 Hz. This suggests that the filaments
in the striated sample are far from ‘completely coupled” or
‘saturated’.  This is consistent with the observed AC loss
reduction by striation, even it the measured AC loss contains
a coupling loss component, A greater reduction of AC loss
al higher freguencies, mainly a reduction of the coupling loss
component, 1s expected by increasing the transverse resistivity
andéor decreasing the twist pitch. It is important to note
that limitations on the minimum twist pitch of YBCO coated
conductors will exist due to their width and bend strain criteria.
In this regard, increasing the transverse resistvity might be a
more practical means for a greater reduction of AC loss,
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Appendix. Electromagnetic field analysis by
one-dimensional FEM [19]

Consider the temporal evolution of the current distribution in a
very thin and infinitely long coated conductor, First, we define
@ current vector potential T, where

J=VxT. (A1)

We then assume a one-dimensional model across the coated
conductor, The current component normal to the conductor is
neglected, and only the magnetic field component normal to the
conductor is taken into account. From Maxwell's equations,
the governing equation can be derived as

4 ar i poh f I ar it By
——g— = | = r—dy | = —,
iy © dy e N 2m y—F iy J i

{(AD)
where p is the equivalent resistivity derived from equation (3)
o represent the superconducting characteristic of the coated
conductor, T is the current vector potential which is normal
to the conductor, A is the thickness of the conductor, and By

is the cxternally applied magnetic field component which is
normal to the conductor, The first term on the right-hand side
of equation (A.2) is the contribution of the sell magnetic ficld,

J1 1% given as
| Eo fJ n—1
e I-) '

A system of nonhnear eguations can be obtained from
equation (A.2) by the finite element method and is solved
iteratively by a relaxation method.

(A.3)
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